1. Introduction {#sec0005}
===============

Colorectal cancer is the third most commonly diagnosed cancer and fourth most causes of cancer related mortality worldwide \[[@bib0005]\]. The emerging countries also pose an alarming increase in the rate of incidence due to adaptation of the Westernized lifestyle (diet and reduced physical activity), rural populations and poor socioeconomic status \[[@bib0010],[@bib0015]\]. The chemopreventive strategies using dietary supplements and pharmacologically active compounds serve as an effective therapy against colorectal cancer compared with other treatments \[[@bib0020],[@bib0025]\]. The pro-carcinogenic 1, 2-dimethylhydrazine (DMH) is widely used to induce tumorigenesis in experimental rodent models \[[@bib0030], [@bib0035], [@bib0040]\]. It mimics human colon carcinoma in epithelial origin, colonic mucosa anatomy, morphology, histology and tumorigenic characteristics, thereby, serves as a perfect experimental model for chemoprevention studies \[[@bib0045],[@bib0050]\]. DMH induction causes epithelial cells to undergo pathogenesis from preneoplastic lesion aberrant crypt foci (ACF) into adenomas and malignant adenocarcinomas. The macroscopic preneoplastic lesions appear after the exposure of DMH for two weeks, suggesting that ACF are antecedents of colorectal cancer \[[@bib0055],[@bib0060]\]. Epidemiological studies suggest that rodents fed with high fat diet (HFD) leads to an increase in the number of carcinogen induced aberrant crypt foci \[[@bib0065]\]. High fat diet intake in DMH induced tumor model could promote the formation of colonic neoplasm through inflammation, metabolic dysfunctions and increased cell proliferation \[[@bib0070]\].

DMH itself is not a carcinogen, it is metabolically activated into DNA reactive metabolites by the phase I and phase II xenobiotic enzymes in order to exert lipid peroxidation and tumorigenic activity \[[@bib0075]\]. Primarily, the phase I enzymes cytochrome P450 dependant monooxygenases cause hydroxylation of procarcinogens into highly reactive methyldiazonium ion which alkylates DNA bases. This strong nucleophiles interacts with the DNA bases to form adducts including O^6^-methylguanine (O^6^-mG) and N^7^-methylguanine (N^7^-mG) ultimately resulting in mutagenesis and thereby tumorigenesis \[[@bib0080]\]. The phase II enzymes, including glutathione S-transferase (GST) and DT-diaphorase (DTD) detoxify the electrophilic intermediates \[[@bib0085],[@bib0090]\]. The quantitative evaluation of argyrophilic nucleolar organizing regions (AgNORs) determines the rate of cell proliferation and their numbers can reflect the prognosis of colon cancer \[[@bib0095]\].

Orientin (Luteolin -8-glucoside) belonging to the subclass of flavones namely C-glycosyl flavonoid was copiously found in rooibos tea, passion fruit and isolated from various medicinal plants such as tulsi and bamboo Leaves \[[@bib0100], [@bib0105], [@bib0110]\]. It is a water-soluble flavonoid with a molecular formula of C~21~H~20~O~11~ and a molecular weight of 448.3769 g/mol; contains mostly phenol groups with two ether groups and a ketone group as shown in [Fig. 1](#fig0005){ref-type="fig"}. It has been reported to possess a variety of pharmacological activities including antioxidant, anti-inflammatory, neuroprotective, cardioprotective and antitumor effects \[[@bib0115],[@bib0120]\]. It also effectively attenuates chemically induced inflammatory bowel conditions in dextran sulphate sodium (DSS)-induced colitis in mice \[[@bib0125]\]. Orientin exhibits significant cytotoxicity in esophageal cancer EC109 cells \[[@bib0130]\] and MCF-7 breast cancer cells \[[@bib0135]\]. The present study aims to evaluate the protective efficacy of orientin against DMH-induced colorectal lesions in Wistar rats by analyzing the occurrence of colon lesions and changes in phase I & II metabolizing enzymes after DMH dosing with and without orientin treatment.Fig. 1Structure of orientin.Fig. 1

2. Materials and methods {#sec0010}
========================

2.1. Chemicals {#sec0015}
--------------

Orientin (ORI), 1, 2-dimethylhydrazine hydrochloride (DMH) and methylene blue was purchased from Sigma-Aldrich Chemical Company, Saint-Louis, MO, USA. All other chemicals and solvents employed were of analytical grade.

2.2. Colorectal tumor induction {#sec0020}
-------------------------------

DMH was dissolved in1mM EDTA just ahead of use and the pH adjusted to 6.5 with 1 mM NaOH to make sure the stability of carcinogen. Animals were given subcutaneous injections of DMH at a dose of 20 mg/kg body weight for 4 consecutive weeks of the total experimental period \[[@bib0140],[@bib0145]\].

2.3. Orientin dissolution and administration {#sec0025}
--------------------------------------------

Orientin was dissolved in 0.01% of dimethyl sulfoxide (DMSO) just before use and administered intraperitoneally at a daily dose of 10 mg/kg body weight \[[@bib0150]\].

2.4. Animals {#sec0030}
------------

Male adult Wistar rats, aged 6 weeks of body weight 120--150 g were obtained from Sri Venkateshwara enterprises, Bangalore, India and were acclimatized under laboratory conditions for a week prior to experimental period. Animals were maintained as per the principles and guidelines of the Institutional Ethical Committee of Animal Care in accordance with the Indian National Law on animal care and use (Reg.No.:P.Col/08/2016/IAEC/VMCP). The animals were housed in solid bottomed polypropylene cages with a stainless steel grill on top and a hygienic rice husk bed in a specific-pathogen free environment. The animals were maintained under ambient conditions of 12 h light/dark cycle with relative humidity of 50 ± 10% and a temperature of 22 ± 2 °C throughout the experimental period. Animals were fed with a modified high fat diet prepared from commercial pellet diet of 4.2% fat obtained from Sri Venkateshwara Enterprises, Bangalore, India and mixed with 15.8% peanut oil, making a total of 20% fat in the diet ([Table 1](#tbl0005){ref-type="table"}) and tap water *ad libitum* \[[@bib0050]\].Table 1High fat diet composition.Table 1IngredientsModified High fat dietProtein17.7Fat20% (4.2% + Pea nut oil 15.8%)Carbohydrate50.5Fiber3.4Mineral6.7Vitamin1.7

2.5. Experimental design and treatment schedule {#sec0035}
-----------------------------------------------

Animals were randomly separated into six groups of six rats and fed with high fat pellet throughout the experimental period of 16 weeks. Group 1 rats left as untreated control. Group 2 rats were induced colorectal tumor *via* subcutaneous administration of 20 mg/kg body weight DMH once in a week for 4 consecutive weeks and left untreated for remaining 12 weeks. Group 3 rats received orientin alone intraperitoneally at a daily dose of 10 mg/kg body weight for the entire 16 weeks. Group 4 rats received orientin intraperitoneally at a daily dose of 10 mg/kg body weight along with weekly DMH exposure (20 mg/kg body weight) for the first 4 weeks and left untreated for remaining 12 weeks. Group 5 rats induced with DMH alone (20 mg/kg body weight, weekly) for first 4 weeks and received intraperitoneal administration of orientin (10 mg/kg body weight, daily) for the remaining 12 weeks. Group 6 rats induced with DMH (20 mg/kg body weight, weekly) for first 4 weeks and in addition received orientin intraperitoneally at a daily dose of 10 mg/kg body weight throughout the entire 16 weeks. In our study, Group 4 rats received orientin for first 4 weeks termed as 'initiation'; Group 5 rats received orientin for the remaining 12 weeks after DMH induction termed as 'post initiation' and Group 6 rats received orientin for the entire 16 weeks termed as 'entire period'. The detailed experimental protocol is shown in [Fig. 2](#fig0010){ref-type="fig"}. At the end of 16 weeks, the rats were anesthetized by ketamine hydrochloride (30 mg/kg body weight, intramuscular) after an overnight fast and euthanized by cervical dislocation.Fig. 2Schematic representation of treatment schedule.Fig. 2

2.6. Body weight and growth rate changes {#sec0040}
----------------------------------------

Body weight and growth rate of the control and experimental rats were assessed throughout the experimental period of 16 weeks. All the rats were weighed before the experiment, and every week consecutively and finally before sacrifice.

2.7. Macroscopic assessment of polyp's incidence {#sec0045}
------------------------------------------------

Rats were sacrificed and the entire colon was removed at the end of the experimental period, and flushed thoroughly with physiological saline. The colons were incised longitudinally without disturbing the polyps and vigilantly counted through macroscopic observation.

2.8. Hemolysate preparation {#sec0050}
---------------------------

Blood was collected in 5.0 ml heparinized tubes, and the plasma was isolated upon centrifugation at 2000 *g* for 10 min. Further, the buffy coat was removed and the erythrocytes were washed repeatedly with cold physiological saline. The hemolysate was prepared by lysing a known volume of packed RBCs with hypotonic phosphate buffer and centrifuged at 3000 *g* for 10 min at 4 °C.

2.9. Cytosol and microsomal fractionation {#sec0055}
-----------------------------------------

Briefly, the liver and the intestinal mucosal scrapings were homogenized in ice-cold 0.01 M Tris--KCl buffer (pH 7.4) and centrifuged at 9000×g for 20 min. The resulting supernatant was transferred into pre-cooled ultracentrifugation tubes and centrifuged at 100,000 ×g for 60 min to yield cytosolic fraction for biochemical estimations \[[@bib0155]\]. The pellet was resuspended in ice-cold 0.15 M Tris--KCl buffer (pH 7.4) and re-centrifuged for 60 min at 100,000×g to obtain microsomal fraction for assaying cytochrome b5 and cytochrome P450 enzymes. The protein content was determined following the method of Lowry et al. \[[@bib0160]\] using bovine serum albumin as standard, at 660 nm.

2.10. Estimation of lipid peroxidation and antioxidant status {#sec0060}
-------------------------------------------------------------

The level of thiobarbituric acid reactive substances (TBARS), the lipid peroxidation marker was quantified by the formation of pink chromogen complex on reaction with MDA, and the absorbance was read at 535 nm in tissues and plasma. SOD (EC.1.15.1.1) was measured based on 50% inhibition of the formation of NADH‑phenazine methosulfate‑NBT formazan complex at 560 nm. CAT (EC.1.11.16) was quantified by measuring the amount of chromium acetate formed while reducing dichromate in acetic acid. Reduced GSH content is measured by Ellman method based on the yellow colored formation when DTNB react with the compounds containing sulfhydryl groups. Glutathione peroxidase (GPx) (EC.1.11.1.9) was determined by incubating known quantity of the enzyme with H~2~O~2~ in the presence of GSH. Glutathione reductase (GR) (EC 1.8.1.7) was determined based on NADPH oxidation; the absorbance was read at 340 nm. Glutathione‑S‑transferase (GST) was measured by estimating the formation of GSH conjugate using CDNB and the absorbance was recorded at 340 nm. \[[@bib0150]\].

2.11. Assay of xenobiotic biotransformation enzymes (Phase I and Phase II) {#sec0065}
--------------------------------------------------------------------------

Cytochrome P450 (CYP450, EC 1.14.14.1) and cytochrome b5 (CYB5, EC 1.6.2.4) content were assayed as described by Omura \[[@bib0165]\]. Cytochrome P4502E1 (CYP2E1, EC 1.14.13.n7) was measured by the method of Watt et al. \[[@bib0170]\]. The activity of glutathione S-transferase (GST, EC 2.5.1.18) was determined by Habig et al. \[[@bib0175]\] method. The activity of DT-diaphorase (DTD, EC 1.6.99.2) was assayed as described by Ernster \[[@bib0180]\].

2.12. Aberrant crypt foci examination {#sec0070}
-------------------------------------

The screening of ACF was performed by the method described by Ochiai et al. \[[@bib0185]\]. The colon tissues were split open longitudinally and flushed with PBS (0.1 M, pH 7.2). Then the luminal surface of the colon was placed on strips of filter paper on either side. The colon was fixed in a 10% buffered formalin overnight. Each segment was placed in a petri dish and stained with 0.2% methylene blue solution for 2 min. The colonic sections were then transferred to another petri dish-containing PBS buffer to remove excess stains. The surface of the intestinal mucosa was visualized using a light microscope at low magnification to determine the total number of ACF and the number of crypts per focus \[[@bib0190]\].

2.13. Determination of colonic cell proliferation {#sec0075}
-------------------------------------------------

Thin colon sections of 4 μm were cut, dewaxed and rehydrated through different grades of ethanol to water. The colloidal silver nitrate solution is freshly prepared by mixing a part of 2% gelatin in 1% formic acid with twice the part of the 50% aqueous silver nitrate solution for 30 min at room temperature and stained the slides. The sections were then washed with double distilled water. The sections were dehydrated through the increasing grades of alcohol. Finally the slides were washed with xylene and mounted using DPx \[[@bib0055]\]. More than 100 cells were selected randomly in each specimen in order to avoid conflicts and each AgNOR dots with a diameter of more than 1 mm were counted. The AgNOR counting was expressed as the number of AgNORs count/nucleus.

2.14. Statistical analysis {#sec0080}
--------------------------

The values are given as the mean ± SD. The significant difference between the mean of the six groups was significantly analyzed by one way analysis of variance (ANOVA) and Duncan's Multiple Range Test (DMRT). The results were considered statistically significant at P \< 0.05. Statistical analysis was performed using SPSS 16.0 software package (SPSS, IBM product, Chicago, IL, USA).

3. Results {#sec0085}
==========

3.1. Effect of orientin on body weight and growth rate {#sec0090}
------------------------------------------------------

Changes in the body weight and growth rate of control and treated groups were recorded throughout the experiment period ([Fig. 3](#fig0015){ref-type="fig"}). DMH-alone-administered rats (group III) showed decrease in body weight as compared to the control and control. However, the loss of body mass was prevented significantly (P \< 0.05) on administration with orientin (Group 3--6) to DMH alone exposed rats. The growth rate was decreased in DMH alone induced rats as compared to control and significantly increased in orientin treated rats (Group 3--6) as compared to the DMH-alone-exposed rats. Orientin at a dose of 10 mg/kg for entire period showed a gain in body weight and optimum growth rate. The above findings suggest that orientin offers chemo protective activity against DMH-induced colon carcinogenesis.Fig. 3Body weight and growth rate profile of control and treated rats. DMH exposed rats showed decrease in body weight and growth rate when compared with control rats. Values are Mean ± SEM of six rats from each group.Fig. 3

3.2. Effect of orientin on polyp's incidence {#sec0095}
--------------------------------------------

High fat/DMH-induced colon tumor development and crypt multiplicity are listed out in [Table 2](#tbl0010){ref-type="table"}. Group 2 rats induced with DMH alone exhibit 100% tumor development throughout the colon, whereas orientin treatment in Group 3--6 resulted in the reduction in percentage of tumor incidence. [Table 2](#tbl0010){ref-type="table"} depicts the crypt multiplicity in Group 2 rats ranging from one, two, three, and four crypts after 16 weeks. The multiplicity of crypts was restricted and observed to be reduced in orientin-treated rats (Group 4--6) compared to DMH alone treated rats (Group 2). No significant difference was observed in control and orientin alone-treated group (Group 3).Table 2Effect of Orientin on the incidence of colonic polyps in the colon of control and experimental rats.Table 2GroupsNumber of rats bearing polypsTotal number of polypsAverage number of polyps-bearing ratsPercentage of polyps incidence\*Percentage of polyps inhibitionCrypt multiplicity^\#^Control0/600----0DMH6/6162.7100--0.88 ± 0.02Orientin0/600----0Initiation4/6111.866.6733.330.65 ± 0.02Post initiation3/681.350500.32 ± 0.01Entire period1/640.6716.6783.330.12 ± 0.01[^1]

3.3. Effect of orientin on lipid peroxidation and antioxidant status {#sec0100}
--------------------------------------------------------------------

The effect of orientin on circulatory and colonic lipid peroxidation and antioxidant status post treatment period is listed out in [Table 3](#tbl0015){ref-type="table"}, [Table 4](#tbl0020){ref-type="table"}. The circulatory TBARS were found to be increased on the exposure to DMH as compared with control rats, whereas on treatment with orientin the levels were found to be significantly decreased. In contrast, the colonic TBARS were observed to be decreased in DMH exposed rats (Group 2) when compared with control (Group 1). The reduced level of TBARS was significantly elevated when compared with that of carcinogen induced rats (Group 2) on treatment with orientin (Group 3--6). Both circulatory and colonic antioxidants were significantly decreased in DMH treated rats (Group 2) as compared to control rats (Group 1). Orientin administration (Group 3--6) significantly increased the level of antioxidants compared to that of DMH induced rats (Group 2).Table 3Effect of orientin on circulatory and colonic level of TBARS, SOD and CAT in control and treated rats.Table 3GroupsTBARSSODCATCirculation^&^Colon^%^Circulation^\*^Colon^\^^Circulation^\$^Colon^\#^Control1.76 ± 0.05^a^0.62 ± 0.04^d^4.12 ± 0.07^e^4.51 ± 0.06^e^30.22 ± 0.85^e^41.13 ± 1.07^e^DMH4.21 ± 0.07^e^0.44 ± 0.02^a^2.94 ± 0.05^a^2.74 ± 0.07^a^16.5 ± 0.73^a^31.26 ± 1.32^a^Orientin1.81 ± 0.05^a^0.73 ± 0.04^e^4.18 ± 0.04^e^4.67 ± 0.08^f^31.82 ± 1.17^f^42.83 ± 1.14^f^Initiation3.69 ± 0.07^d^0.51 ± 0.02^b^3.07 ± 0.07^b^3.08 ± 0.07^b^21.10 ± 0.96^b^33.84 ± 1.18^b^Post initiation3.17 ± 0.06^c^0.54 ± 0.01^b^3.22 ± 0.06^c^3.57 ± 0.06^c^24.11 ± 0.85^c^36.60 ± 1.03^c^Entire period2.77 ± 0.05^b^0.59 ± 0.02^c^3.57 ± 0.08^d^4.26 ± 0.08^d^26.97 ± 0.73^d^38.11 ± 1.28^d^[^2]Table 4Effect of orientin on circulatory and colonic level of GSH, GPx and GR in control and treated rats.Table 4GroupsGSHGPxGRCirculation^\*^Colon^\^^Circulation^\#^Colon^&^Circulation^α^Colon^\$^Control3.67 ± 0.05^d^12.49 ± 0.12^e^25.13 ± 0.72^d^19.34 ± 0.43^e^3.67 ± 0.05^e^12.49 ± 0.12^e^DMH2.09 ± 0.06^a^9.74 ± 0.11^a^19.63 ± 0.39^a^15.37 ± 0.21^a^2.09 ± 0.06^a^9.74 ± 0.11^a^Orientin3.73 ± 0.06^d^12.57 ± 0.14^e^25.87 ± 0.90^d^19.65 ± 0.19^f^3.73 ± 0.06^e^12.57 ± 0.14^e^Initiation2.33 ± 0.05^b^10.21 ± 0.11^b^21.18 ± 0.68^b^16.60 ± 0.25^b^2.33 ± 0.05^b^10.21 ± 0.11^b^Post initiation2.58 ± 0.05^b^10.54 ± 0.10^c^21.86 ± 0.83^b^17.03 ± 0.26^c^2.58 ± 0.05^c^10.54 ± 0.10^c^Entire period2.88 ± 0.03^c^11.46 ± 0.12^d^23.5 ± 0.90^c^17.81 ± 0.39^d^2.88 ± 0.04^d^11.46 ± 0.12^d^[^3]

3.4. Effect of orientin on phase I biotransformation enzymes {#sec0105}
------------------------------------------------------------

The levels of phase I enzymes (CYP450, CYP2E1 and cytochrome b5) in the hepatic and colonic mucosa of control and experimental animals are shown in [Table 5](#tbl0025){ref-type="table"}. The activities of phase I enzymes were significantly elevated in group 2 rats induced with DMH alone as compared to the control. Xenobiotic phase I enzyme activities were significantly decreased in all carcinogenic phases (group 4--6) as compared with the DMH alone administered rats. The effect of orientin was more pronounced in group 6 (entire period). However, the orientin alone treated rats (group 3) did not show any significant change as compared to control rats (group 1).Table 5Effect of DMH and orientin on phase I xenobiotic metabolizing enzymes.Table 5Phase I enzymesGroupsControlDMHOrientinInitiationPost initiationEntire periodCytochrome P450^\*^Colonic mucosa3.20 ± 0.19^a^7.70 ± 0.41^e^3.49 ± 0.23^ab^6.64 ± 0.24^d^4.45 ± 0.18^c^3.62 ± 0.15^b^Liver4.40 ± 0.18^a^8.49 ± 0.53^e^4.45 ± 0.21^a^6.27 ± 0.32^d^5.59 ± 0.26^c^4.94 ± 0.22^b^Cytochrome P2E1^\#^Colonic mucosa1.14 ± 0.14^a^2.24 ± 0.17^e^1.25 ± 0.10^ab^1.84 ± 0.13^d^1.60 ± 0.18^c^1.37 ± 0.15^b^Liver5.17 ± 0.42^a^9.56 ± 0.63^d^5.41 ± 0.28^a^8.27 ± 0.59^c^7.10 ± 0.52^b^6.62 ± 0.30^b^Cytochrome b5^\*^Colonic mucosa0.92 ± 0.11^a^2.80 ± 0.15^d^1.17 ± 0.11^bc^1.32 ± 0.11^c^1.19 ± 0.12^bc^1.15 ± 0.10^b^Liver2.26 ± 0.17^a^4.35 ± 0.26^e^2.36 ± 0.17^ab^3.39 ± 0.12^d^2.98 ± 0.13^c^2.52 ± 0.10^b^[^4]

3.5. Effect of orientin on phase II biotransformation enzymes {#sec0110}
-------------------------------------------------------------

The effect of orientin and DMH on phase II biotransformation enzymes such as DT-diaphorase (DTD) and glutathione S-transferase (GST) in the hepatic and colonic mucosa are shown in [Table 6](#tbl0030){ref-type="table"}. Group 2 (DMH) rats exhibited significant reduction in DTD and GST activities as compared to the control. On contrast, orientin administration to DMH treated rats produced a significant increase in DTD and GST activities in different stages of carcinogenesis namely group 4 (initiation), group 5 (post-initiation) and group 6 (entire period) rats. The effect of orientin on the activities of DTD and GST was more pronounced in group 6 (entire period) rats. There is no significant difference in orientin alone treated rats (group 3) compared to control rats. Thus, DMH-treated rats administered with orientin reverse back the adverse changes of phase I and phase II enzymes in the colonic and hepatic tissues.Table 6Effect of DMH and orientin on phase II xenobiotic metabolizing enzymes.Table 6Phase II enzymesGroupsControlDMHOrientinInitiationPost initiationEntire periodDT-Diaphorase^\*^Colonic mucosa1.42 ± 0.11^cd^0.48 ± 0.05^a^1.51 ± 0.10^d^1.06 ± 0.12^b^1.13 ± 0.10^b^1.38 ± 0.13^c^Liver2.06 ± 0.13^d^0.90 ± 0.03^a^2.03 ± 0.12^d^1.28 ± 0.11^b^1.63 ± 0.12^c^1.94 ± 0.16^d^GST^\#^Colonic mucosa3.64 ± 0.18^c^2.42 ± 0.14^a^3.87 ± 0.16^d^3.35 ± 0.14^b^3.39 ± 0.15^b^3.52 ± 0.14^bc^Liver2.40 ± 0.16^d^1.35 ± 0.08^a^2.35 ± 0.15^d^1.72 ± 0.10^b^1.92 ± 0.13^c^2.23 ± 0.17^d^[^5]

3.6. Effect of orientin on ACF formation {#sec0115}
----------------------------------------

Methylene blue staining of colonic tissue sections ([Fig. 4](#fig0020){ref-type="fig"}) showed the aberrant colonic crypt formation with distinct morphology, larger size and dense epithelial lining in high fat/DMH induced rats (Group II). Orientin administration to DMH induced rats (Group IV---VI) have shown less intense of methylene blue stain and mere frequency of crypt formation when compared with DMH induced rats (Group II). Normal colonic cellular morphology was observed in orientin alone treated rats similar to that of untreated control rats (Group I). The above histological observations revealed that orientin treatment for entire period significantly limits the occurrence of ACF in DMH induced experimental rats ([Table 7](#tbl0035){ref-type="table"}).Fig. 4Methylene blue staining of aberrant crypt foci (ACF) formation in the control and treated rats. (x40). (a) Topographical view of normal crypts in control rats. (c) Topographical view of ACF (arrows) with multiple crypts in the colon from rats exposed with 1, 2-dimethylhydrazine (DMH) carcinogen. (c) Topographical view of normal crypts from rats supplemented with orientin alone. (d) Topographical view of ACF (arrow) with 2 and 3 crypts in the colon from rats induced with DMH and treated with orientin (initiation). (E) Topographical view of ACF (arrow) with 2 crypts in the colon from rats under post initiation treatment with orientin (F) Topographical view of ACF (arrow) with no crypt in the colon from rats induced with DMH and treated with orientin for entire period.Fig. 4Table 7Effect of orientin on the incidence of ACF in the colon of control and experimental rats.Table 7GroupsNumber of rats bearing polypsNumber of ACF/colonNumber of aberrant crypt/colonNumber of aberrant crypt/focusControl0/6000DMH6/6105.33 ± 7.17^d^232.17 ± 14.45^d^2.51 ± 0.18^d^Orientin0/6000Initiation6/679.83 ± 5.84^c^159.83 ± 11.27^c^2.32 ± 0.16^c^Post initiation6/658.5 ± 5.31^b^95.5 ± 7.39^b^1.45 ± 0.12^b^Entire period6/636.83 ± 4.26^a^65.0 ± 4.86^a^1.02 ± 0.10^a^[^6]

3.7. Effect of orientin on cell proliferation {#sec0120}
---------------------------------------------

High fat/DMH alone induced Group II rats showed a significant increase in the number of AgNORs/nuclei, however, no such number of AgNORs has been observed in orientin treated groups (Group IV--VI) as shown in [Fig. 5](#fig0025){ref-type="fig"}. Orientin treated groups showed significant decrease in the number of AgNORs/nuclei when compared to DMH induced rats (Group II) which makes evident that orientin inhibits cell proliferation as shown in [Table 8](#tbl0040){ref-type="table"}. Group III rats treated with orientin alone showed a similar pattern with that of control rats (Group I).Fig. 5Silver staining of the nucleolar organizer regions in the colonic epithelium of control and treated rats. (x40) (a) Control rats without AgNOR positive nuclei. (b) Increased number and total area of AgNOR dots/nucleus observed in colonic epithelium of DMH induced rats. (c) No such positive nuclei observed in orientin alone treated rats. (d--f) Decrease in the number and total area of AgNOR dots/nucleus in colonic epithelium of orientin treatment under initiation, post initiation and entire period respectively. Arrows represent AgNOR positive cells.Fig. 5Table 8Effect of orientin on the incidence of AgNORs in crypt per nuclei.Table 8GroupsNumber of ratsNumber of crypts observedMean cells/crypt columnNumber of AgNORs/nucleusControl62525.1 ± 3.561.27 ± 0.11^a^DMH62528.6 ± 3.461.63 ± 0.14^c^Orientin62525.5 ± 3.171.32 ± 0.11^ab^Initiation62527.8 ± 3.371.58 ± 0.13^c^Post initiation62527.0 ± 3.131.48 ± 0.11^bc^Entire period62526.3 ± 2.811.39 ± 0.18^ab^[^7]

4. Discussion {#sec0125}
=============

Colorectal cancer is an intricate process which involves initiation, promotion, progression, and invasive stages of malignant transformation from a normal crypt to an adenoma \[[@bib0195]\]. The deleterious side effects of clinically approved anticancer agents augment cancer mortality and morbidity and emphasize an urgent need for novel and safer chemotherapeutic agents \[[@bib0200]\]. Naturally occurring compounds are known to exhibit diverse inhibitory effects in several aberrant signaling pathways took part in all phases of carcinogenesis. Moreover, they are readily available, inexpensive and usually non-toxic agents with both cancer preventive and therapeutic activities \[[@bib0205]\]. Several retrospective epidemiological studies suggest that some flavonoids that prevent colon cancer enhance the efficacy of chemotherapeutics by modifying the activity of cell proliferation and survival pathways involved in colon cancer \[[@bib0210]\]. In this regard, the present study was performed to evaluate the chemopreventive efficacy of orientin, a c-glycosyl flavanoid in DMH induced/ high fat diet promoted rat colon carcinogenesis. Animals were fed with high fat diet, which is expected to postulate the number of aberrant crypt foci formation in DMH induced colon carcinogenesis. The increased number of preneoplastic neoplasm formation may be attributed to the metabolic dysfunction and prominent cell proliferation.

Earlier research findings suggest that the body weight and growth rate determines the degree of carcinogenicity in experimental rats induced with carcinogens \[[@bib0035]\]. The body weight and growth rate were observed to be decreased in DMH alone induced rats when compared with control rats. This may be due to higher tumor burden, appetite loss along with an increase in polyps driven cachexia and anorexia \[[@bib0215]\]. Treatment with orientin exhibited a significant increase in body weight regardless of the DMH induced metabolic transformations due to their ability to restore the cellular metabolic dysfunctions. Our results were reminiscent of the earlier findings in which plant metabolites have significantly improved body weight by curtailing down the carcinogen induced tumor burden and decreasing the number of polyps in the intestine \[[@bib0220]\].

The lipid peroxidation and antioxidant status proposed to be useful indicators for determining the risk of oxidative damage induced carcinogenesis \[[@bib0100],[@bib0050]\]. In our study, the prominent increase of circulatory TBARS could be due to too much ROS generation and disintegration of cell membranes advancing to epithelial cell transformation \[[@bib0225]\]. Tumors obtain favorable characteristics and proliferate more rapidly when the lipid peroxidation is lower as observed in DMH exposed rats \[[@bib0230]\] which mimics earlier reports \[[@bib0215],[@bib0140],[@bib0155]\]. The decreased colonic TBARS could be due to prominent resistance and/or diminished susceptibility of malignant cells to the scavenging defense of ROS.

The natural antioxidants (SOD, CAT, GPx, GR and GSH) scavenge the free radicals and protect cells against oxidative stress. The primary endogenous antioxidants SOD and CAT directly eliminate the free radicals; GPx detoxifies H~2~O~2~ and thereby these enzymes playing a noteworthy role in the counteraction of ROS. The non- protein thiol, GSH and dependent enzymes engage in innate antioxidant defense mechanisms. The decreased level of tissue antioxidants in DMH exposed rats could be due to its increased utilization in the detoxification of toxic DMH metabolites by tumor cells. Meanwhile, orientin reinstates the level of antioxidants to exert their scavenging mechanisms and thereby exhibiting their inhibitory role against colorectal tumorigenesis. The free hydroxyl groups in orientin, makes it an effective antioxidant against DMH induced ROS generation.

The subcutaneous administration of 1, 2 dimethyl hydrazine undergoes metabolic activation in the liver upon dehydrogenation to form the metabolic intermediates such as azoxymethane (AOM) and methylazoxymethanol (MAM) \[[@bib0020]\]. The conversion of carcinogens into DNA reactive metabolites involves the activation and detoxification of xenobiotics by phase I and phase II xenobiotic metabolizing enzymes \[[@bib0235]\]. Phase I enzymes activate the pro-carcinogen into active carcinogen *via* the introduction of polar functional groups by oxidation, reduction or hydrolysis whereas the phase II enzymes decreases the toxicity upon conjugation \[[@bib0240]\].

Cytochrome P450 enzymes, a family of monomeric haemoprotein are capable of instigating the conversion of lipophilic xenobiotics into more hydrophilic metabolites thereby activates pro-carcinogens to the eventual carcinogens \[[@bib0245]\]. Hence, the considerable increase in hepatic microsomal and colonic epithelial phase I enzymes (CYP450, CYP2E1 (an isoenzyme of CYP450) and cytochrome *b*) in high fat/DMH induced rats makes evident of carcinogen induced colorectal carcinogenesis. The reactive genotoxic intermediates produced by the metabolic activation of DMH by phase I enzymes covalently bind with DNA to form DNA adducts \[[@bib0250]\]. However, orientin administration confines the activation of Cytochrome P450 enzymes in corroboration with earlier findings suggesting that flavonoids inhibit CYP450 dependent reactions due to the presence of hydroxyl groups \[[@bib0245]\].

Phase II enzymes include DT-diaphorase and GST which entail the addition of polar groups to xenobiotics. DT-diaphorase is a flavoprotein containing phase II enzyme detoxifies the quinone and its derivatives to exert protection against carcinogen induced oxidative stress and neoplasia \[[@bib0255]\]. Glutathione-S-transferase (GST) is another versatile enzyme which detoxifies hydroquinones and neutralizes electrophilic intermediates that initiate carcinogenesis \[[@bib0250]\]. The increased levels of phase II enzymes are beneficial for chemo protection against carcinogens. Our experimental findings showed significant decrease in the phase II enzyme activities in the liver and colon of DMH induced rats, which could be due to utilization of more detoxifying enzymes to counteract DMH induced neoplastic transformation. Orientin administration to high fat/DMH induced rats increased the level of phase II enzymes in order to detoxify the carcinogens. Thus orientin diminishes the formation of the active DMH metabolites by inhibiting the activity of the DMH metabolizing cytochrome P450 enzymes and elevating the activity of the phase II enzymes, GST and DTD which facilitate possible detoxification and excretion of the carcinogen from the colonic lumen. Orientin exhibits dual action by inhibiting the metabolic activation of DMH and inducing the activities of phase II enzymes to detoxify and excrete carcinogen.

Aberrant crypt foci are putative preneoplastic lesions within the colonic neoplasia considered as surrogate precursor lesions of colorectal cancer distinguished from the normal crypts by their elliptical shape, enlarged size, thickness and intensely stained epithelial cells \[[@bib0260],[@bib0265]\]. The aberrant crypt with increased multiplicity (\>4 crypts/focus) and the number of ACF correlate with the incidence of colorectal cancer \[63\]. The carcinogen induced rats fed with high fat diet shows high incidence of ACF and tumor incidence \[[@bib0270]\]. Earlier evidences suggest that bioactive compounds which inhibit ACF could also promote the anti carcinogenicity of carcinogen induced colorectal cancer models \[[@bib0050],[@bib0275]\]. The appearance of ACF in high fat/DMH induced rats indicates the initiation of colorectal carcinogenesis and the increase in number and crypt multiplicity corresponds to the promotion and progression of carcinogenesis. Our results also suggest that orientin inhibits the progression of colonic ACF and suppress the transformation of preneoplasia to malignant neoplasia. Administration of orientin to high fat/DMH treated rats evidently reduced the ACF formation and its multiplicity. The protective activity against ACF development may be attributed to the antioxidant potential of orientin towards the chemical carcinogen induced colon carcinogenesis. Another plausible mechanism could be the inhibitory effect of orientin on the metabolic activation of xenobiotic enzymes.

Cell proliferation is one of the vital mechanisms to maintain integrity of intestinal mucosa and the dysregulation of tumor cell proliferation often results in hyperplasia and tumorigenesis \[[@bib0280]\]. The Nucleolar Organizer Regions are the nucleolus associated chromosomal region located on the short arms of metaphase acrocentric chromosomes. The silver stained acidic proteins in NORs act as diagnostic and prognostic markers for nucleolar activity and cell proliferation \[[@bib0285]\]. A positive correlation exists between the increased cell proliferation rate and the higher incidence of AgNORs/nucleus in cancerous cells \[[@bib0275]\]. The total number of AgNORs/nucleus has been used as a marker for determination of cancer progression and developmental stages. The visualized black dots may correspond to the phase of cell activation and thus used as markers for cell proliferation \[[@bib0205]\]. In our study, the total number of AgNORs /nucleus of the colonic epithelium was higher in high fat/DMH-induced colon cancer bearing rats, which is in line with earlier studies \[[@bib0190],[@bib0275]\]. Reduced AgNORs count/nucleus in orientin treated rats suggest that the decrease in the number of AgNORs/nucleus may be due to culminating effect of orientin on cell proliferation. Corroborating the results of this study, umbelliferone was previously demonstrated to reduce the number of AgNORs/nucleus in enterocytes of rats exposed to DMH \[[@bib0190],[@bib0290]\]. These results could be attributed to the antiproliferative effect of orientin.

5. Conclusion {#sec0130}
=============

The experimental findings of our study indicate that administration of orientin effectively regulates the antioxidant defense and intervenes in the metabolic activation of DMH by inhibition of phase I biotransformation enzymes and cause elevation in phase II enzymes which augments the detoxification and excretion of carcinogen from the lumen. Orientin prevents the transformation of preneoplastic lesions into malignant neoplasm, inhibits the colonic cell proliferation, and reduces the pathological alterations in high fat/DMH exposed rats. Among the three different treatment phases, the orientin treatment for the entire period showed significant effect on DMH- induced colorectal cancer. The overall experimental findings suggest that bioactive rooibos tea flavonoid, orientin holds promising potential against toxic DMH owing their antioxidant, anti inflammatory and anti proliferative properties.
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[^1]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. \*(Number of polyps-bearing rats/total number of rats in each group) x100. ^\#^ Number of tumors/rat on colonic tumors.

[^2]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. TBARS -- Thiobarbituric acid reactive substances. SOD - Superoxide dismutase, CAT -- Catalase. The values are presented as the mean ± SD of six rats per each group. ^a--f^ P \< 0.05; values not sharing a common superscript letter are significantly different from the DMHtreated groups (analysis of variance followed by DMRT). ^&^mmoles/mg protein. ^%^mmoles/mg protein. ^\*^ Enzyme required for 50% inhibition of NBT reduction/min/mg of Hb. ^\^^ Enzyme required for 50% inhibition of NBT reduction/min/mg protein. ^\$^ mmol H~2~O~2~ utilized/min/mg of Hb. ^\#^ μmol H~2~O~2~ utilized/min/mg protein.

[^3]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. GSH -- Reduced glutathione, GPx -- Glutathione peroxidase, GR- Glutathione reductase. The values are presented as the mean ± SD of six rats per each group. ^a--f^ P \< 0.05; values not sharing a common superscript letter are significantly different from the DMH-treated groups (analysis of variance followed by DMRT). ^\*^ mg/dL. ^\^^μg/dL. ^\#^ mmoles of GSH utilized/min/mg of Hb. ^&^ μmoles of GSH utilized/min/mg protein.^α^ mmoles of NADPH oxidized/min/mg of Hb. ^\$^ μmoles of NADPH oxidized/min/mg protein.

[^4]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. \*μmol/mg protein, ^\#^mmol of p-nitrocatechol liberated/min/mg protein. Data are presented as the mean ± SD of six rats in each group. Values not sharing a common superscript letter (a--e) differ significantly at P \< 0.05 (DMRT).

[^5]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. ^\*^mmol of 2,6-dichlorophenol indophenol reduced/min/mg protein, ^\#^μmol of CDNB-GSH conjugate formed/min/mg protein. Data are presented as the mean ± SD of six rats in each group. Values not sharing a common superscript letter (a--d) differ significantly at P \< 0.05 (DMRT). GST-Glutathione-S-transferase.

[^6]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. Data are presented as the mean ± SD of six rats in each group. Values not sharing a common superscript letter (a--d) differ significantly at P \< 0.05 (DMRT). ACF- Aberrant crypt foci.

[^7]: Group 1 - control, Group 2 - DMH, Group 3 - Orientin, Group 4 - Initiation, Group 5 - Post initiation, Group 6 - Entire period. Data are presented as the mean ± SD of six rats in each group. Values not sharing a common superscript letter (a--d) differ significantly at P \< 0.05 (DMRT).
